Abstract. In this work we successfully interpret the W L3-edge EXAFS spectra in scheelitetype AWO4 (A = Ca, Sr, Ba) compounds using a combination of classical NVT molecular dynamics (MD) and ab initio multiple-scattering (MS) theory. The configuration-averaged EXAFS spectra show good agreement with our room temperature experimental data supporting the reliability of the developed force-field models. The contributions from all coordination shells up to 6Å are elucidated. The contribution of the MS effects into the total EXAFS signal in AWO4 compounds is small, being around 10%.
Introduction
Analysis and interpretation of EXAFS signals in the presence of disorder and multiple-scattering (MS) effects is a challenging task, which can be addressed by the MD-EXAFS method based on molecular dynamics (MD) simulations combined with ab initio EXAFS spectra calculation [1] . This method is particularly suitable to access structural information beyond the first coordination shell in crystalline materials [2, 3, 4, 5] . In this work, the MD-EXAFS method is used to clarify the contribution of the outer coordination shells and the importance of the MS effects and thermal disorder in the W L 3 -edge EXAFS spectra of AWO 4 (A=Ca, Sr, Ba) tungstates.
Polycrystalline tungstates AWO 4 have tetragonal (space group I4 1 /a) scheelite-type structure composed of [WO 4 ] tetrahedra and [AO 8 ] polyhedra [6, 7] . Recently they gained renewed interest for application as active media in solid state Raman lasers due to the W-O bonds have high internal vibration frequencies [8, 9] . The local atomic structure of AWO 4 (A=Ca, Sr) was studied by the W L 3 -edge EXAFS spectroscopy in [10, 11, 12, 13] only within the range of the first coordination shell of tungsten. The analysis of the outer shells and the role of the multiplescattering (MS) effects in the EXAFS spectra were not addressed. To the best of our knowledge, no EXAFS studies of BaWO 4 have been performed until now. was measured by two ionization chambers filled with argon and krypton gases. The higher order harmonics were effectively eliminated by detuning the double-crystal monochromator Si(111) to 60% of the rocking curve maximum, using the beam-stabilization feedback control. The simulations of the W L 3 -edge EXAFS spectra were performed using recently developed method, based on the joined use of classical MD simulations combined with ab initio EXAFS spectra calculations [1] . The MD simulations were performed in the NVT ensemble at 300 K using GULP3.1 code [14, 15] for a supercell 3×3×3, containing 324 atoms. A set of 4000 static atomic configurations was obtained during a simulation run of 20 ps with a time step interval of 0.5 fs. These configurations were further used to calculate the W L 3 -edge configurationaveraged EXAFS signals using ab initio real-space multiple-scattering FEFF8.2 code [16] . The complex exchange-correlation Hedin-Lundqvist potential and default values of muffin-tin radii, as provided within the FEFF8.2 code [16] , were employed.
For CaWO 4 we have used Senyshyn's force-field model [17] (Table 1) , which is able to describe structural, elastic and phonon properties. It consists of the pairwise interatomic potentials and the three body interaction. Note that the three body potential is required to stabilize [WO 4 ] tetrahedra in the MD simulations. The atomic charges were taken from the DFT calculations and are equal to +2.0 for Ca, +1.68 for W and -0.92 for O atoms. Force-field models for SrWO 4 and BaWO 4 were constructed based on CaWO 4 model ( Table 1 ). The atomic charges were left unchanged, only the short range Buchingham, Morse and three body potential parameters were optimized to reproduce tungstate structure [6] and the highest phonon frequency corresponding to the W-O vibrations [8] .
Discussion
The configuration-averaged W L 3 -edge EXAFS spectra χ(k)k 2 for three tungstates, calculated within the single-scattering (SS) and multiple-scattering (MS) approximations, are compared with the experimental data in Fig. 1 . In the analysis of outer coordination shells the influence of the MS effects on the overall EXAFS spectrum should be always considered. However, as one can clearly see, the MS effects play only minor role in the EXAFS spectra for three tungstates, changing their amplitude less than 10%. The phase of the EXAFS spectra is described rather well by our theoretical model in all k-space range, while their amplitude is slightly overestimated, especially, at the end of the spectra. Note that some high-frequency contributions are not present in the configuration-averaged EXAFS spectra due to the limitation induced by the supercell size of 6Å and resulting in the absence of contributions from more distant (>6Å) shells. Because of rather good agreement between calculated and experimental EXAFS spectra, the accurate analysis of the second and further coordination shells can be reliably performed. The origin of peaks in Fourier transforms (FTs) of the EXAFS signals was identified for each shell (Fig. 2) . To do that each peak in the radial distribution function (RDF), calculated till 6Å from the MD simulations, was approximated by the Gaussian function, which depends on three parameters -position, amplitude and width. Such decomposition is possible, because peaks corresponding to the shells either do not overlap or overlap little. Using thus obtained set of structural parameters, the single-scattering EXAFS signals and their FTs for each coordination shell were calculated and are shown in Fig. 2 .
As expected, the major contribution in FTs (the first peak at 1.3Å in Fig. 2 ) comes from the four nearest oxygens at about 1.78-1.79Å, forming the first coordination shell of tungsten. The mean square relative displacement values for the W-O bonds are small (4-6×10 −4Å2 ) and are weakly influenced by the A 2+ ion type. This indicates strong W-O bonding in agreement with high vibrational frequencies observed by Raman spectroscopy [8, 9] .
The outer shell contributions are noticeably smaller than from the first shell. The second peak is due to oxygen atoms located in the second coordination shell at about 2.96-3.32Å. The next three overlapping peaks originate from A (A = Ca, Sr, Ba) atoms at 3.79-4.11Å, O atoms at 4.11-4.42Å, and W atoms at 3.88-4.25Å. It is surprising that the most heavy tungsten atoms give the smallest contribution due to the thermal disorder. Note also a strong decrease of the amplitude for the peak, related to A-atoms, going from Ca to Ba. This effect can be explained by the crystal lattice expansion due to an increase of the divalent cation size (R(Ca 2+ )=1.12Å, R(Sr 2+ )=1.26Å, R(Ba 2+ )=1.42Å). It leads to an increase of the separation between the two groups of the W-A distances: the differences are 0.16Å for CaWO 4 , 0.20Å for SrWO 4 , and 0.28Å for BaWO 4 . As a result, the strong amplitude damping of the corresponding total EXAFS signal occurs, and its FT peak decreases. The next peak in FT at 4.2-4.5Å originates from the group of oxygen atoms located at 4.75-5.29Å. The three most distant peaks are due to the groups of tungsten atoms at 5.25-5.62Å, oxygen atoms at 5.48-5.94Å, and divalent atoms at 5.72-6.36Å.
Conclusions
In the present work we performed the W L 3 -edge EXAFS study of the sheelite-type compounds (CaWO 4 , SrWO 4 , BaWO 4 ) at room temperature. The experimental EXAFS spectra were interpreted using recently developed approach, based on classical molecular dynamics (MD) simulation combined with ab initio EXAFS spectra calculation [1] .
The classical MD simulations in the NVT ensemble were performed at 300 K using the forcefield potential models, which were developed for the SrWO 4 and BaWO 4 compounds based on the previously published model for CaWO 4 . The good agreement between the experimental and calculated configuration-averaged EXAFS spectra allowed us to perform detailed analysis of the outer coordination shells contributions, leading to the following conclusions.
It was found that the MS contributions have minor influence (around 10%) on the W L 3 -edge EXAFS signal in AWO 4 compounds. The main part of the EXAFS signal comes from oxygen atoms in the first coordination shell. Besides, there are also noticeable contributions from the outer groups of oxygen atoms located up to 6Å and from A (A = Ca, Sr, Ba) atoms. The latter decreases by going from Ca to Ba due to the crystal lattice expansion inducing the separation between the two A-atoms shells. The contribution from the heavy tungsten atoms is surprisingly small due to the thermal disorder.
